Many microbial pathogens express specific virulence traits at distinct growth phases. To understand the molecular pathways linking bacterial growth to pathogenicity, we have characterized the growth transcriptome of Burkholderia pseudomallei, the causative agent of melioidosis. Using a fine-scale sampling approach, we found approximately 17% of all B. pseudomallei genes displaying regulated expression during growth in rich medium, occurring as broad waves of functionally coherent gene expression tightly associated with distinct growth phases and transition points. We observed regulation of virulence genes across all growth phases and identified serC as a potentially new virulence factor by virtue of its coexpression with other early-phase virulence genes. serC-disrupted B. pseudomallei strains were serine auxotrophs and in mouse infection assays exhibited a dramatic attenuation of virulence compared to wild-type B. pseudomallei. Immunization of mice with serC-disrupted B. pseudomallei also conferred protection against subsequent challenges with different wild-type B. pseudomallei strains. At a genomic level, early-phase genes were preferentially localized on chromosome 1, while stationary-phase genes were significantly biased towards chromosome 2. We detected a significant level of chromosomally clustered gene expression, allowing us to predict ϳ100 potential operons in the B. pseudomallei genome. We computationally and experimentally validated these operons by showing that genes in these regions are preferentially transcribed in the same 533 direction, possess significantly shorter intergenic lengths than the overall genome, and are expressed as a common mRNA transcript. The availability of this transcriptome map provides an important resource for understanding the transcriptional architecture of B. pseudomallei.
Microbial growth is a conserved biological process that has been optimized by many bacteria to exploit environmental resources and ensure species survival. Under defined laboratory conditions, microbes undergo a series of predictable growth phases: (i) early phase, where the population density is low and nutrients are abundant (ii) log phase, where the population undergoes exponential expansion; and (iii) stationary phase, where the population density is high and nutrients are either absent or scarce. Recently, it has been shown that several pathogens appear to express important virulence traits at specific growth points, suggesting the presence of an intimate functional relationship between microbial growth and virulence. For example, the ability of Pseudomonas aeruginosa and Salmonella enterica serovar Typhimurium to invade and cause apoptosis in host cells is correlated with the entry of these microbes into stationary phase (12, 21) , and many virulence genes in Legionella pneumophila are expressed at the transition from log phase to stationary phase (3) . In general, most of these previous reports have focused primarily on characterizing genes expressed during stationary phase or the transition from log to stationary phase (20, 39, 48) , and thus the potential contribution to virulence of genes expressed at other times, such as early phase, has been relatively unexplored. Previous studies have also typically analyzed only a limited number of samples representing each growth phase (16, 25, 40, 43) . Studies with other systems, however, have shown that fine-scale sampling strategies can often improve upon the resolution of information that is broadly provided by coarser sampling approaches (4, 28) .
The gram-negative pathogen Burkholderia pseudomallei is the causative agent of melioidosis, a serious, often fatal disease of both humans and animals and a recognized category B biowarfare agent (6) . While B. pseudomallei is considered endemic to southeast Asia and northern Australia, recent melioidosis outbreaks in Brazil and Taiwan (15, 34) suggest that the geographical prevalence of B. pseudomallei may be increasing, making its study more crucial. The 7.2-Mb B. pseudomallei K96243 genome has been recently described and comprises two large circular chromosomes (chromosome 1 [Chr 1] and Chr 2) with Ͼ5,700 predicted genes, a number comparable to that for the eukaryotic model organism Schizosaccharomyces pombe (14) . In this study, we describe a fine-scale transcriptomic characterization of growth-regulated gene expression in B. pseudomallei. We found that 17% of the B. pseudomallei genome is transcriptionally regulated during growth, taking the form of distinct gene expression cascades that were both functionally coherent and tightly associated with distinct growth phases and transition points. An analysis of these data allowed us to identify and experimentally validate serC, an early-phase gene, as a novel B. pseudomallei virulence factor. Furthermore, prior vaccination of mice with serC mutant B. pseudomallei conferred protection against subsequent challenges by different wild-type B. pseudomallei strains. When analyzed in a chromosomal context, we found that early-phase genes were preferentially localized towards chromosome 1, while stationaryphase genes were biased towards chromosome 2. Finally, the gene coexpression data allowed us to identify and map putative B. pseudomallei operons on a genome-wide scale. To our knowledge, this is the first report describing growth-regulated gene expression on a genome-wide scale for any member of the Burkholderia genus. As many of the genes in B. pseudomallei are evolutionarily conserved, our results are likely to find applicability and relevance to other microbial pathogens as well. B. pseudomallei growth curves. Independent 50-ml B. pseudomallei cultures were grown for 24 h in 250-ml Erlenmeyer flasks shaken at 150 rpm, and growth curves were initiated by seeding fresh cultures to initial optical densities at 600 nm (OD 600 ) of 0.05. B. pseudomallei growth was monitored on an hourly basis both by viability counts as described previously (23) and by OD 600 readings. The two methods gave similar results (see supplementary information at http://www .gis.a-star.edu.sg/internet/site/investigators.php?f ϭ cv&user_id ϭ 37), and an analysis of three replicate growth curves performed on different days confirmed the absence of significant day-to-day or batch variability (see supplementary information). To harvest sufficient RNA for each time point in the growth curve, we adopted a pooling approach, as institutional biosafety regulations prohibit large-volume growth of B. pseudomallei. Specifically, we generated a total of 138 separate 50-ml cultures grown as "batch clusters" of 16 to 18 flasks on multiple days. Each batch cluster of 16 to 18 culture flasks was derived from a single plate (LB) colony inoculated into a 25-ml starter culture shaken at 37°C at 150 rpm for 18 h. The starter culture was spun down at 3,500 rpm for 10 min, resuspended in 10 ml of 0.85 M saline (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom), and spun again at 3,500 rpm for 5 min. The final 1-ml suspension was used to seed all flasks in the batch cluster to an OD 600 of 0.05, corresponding to an average initial inoculum of 2.5 ϫ 10 7 viable cells per ml. Cultures corresponding to the different batch clusters were then grown and harvested at the appropriate time points (see Fig. 1 ). The final expression profile data set comprises 47 composite time points sampled at 30-min intervals.
MATERIALS AND METHODS

Bacterial
For B. pseudomallei 576 and serC mutant 4D6 growth, 5-ml TSB starter cultures were incubated for 15 h with shaking at 70 rpm. After centrifugation (3,000 rpm for 10 min) and washing with 1ϫ phosphate-buffered saline, the bacterial pellets were used to initiate fresh TSB, CDM, or CDM-15 mM L-serine cultures (50 ml) at a starting OD 600 of 0.05. All growth cultures were then shaken at 150 rpm, and hourly growth was monitored by OD 600 readings.
DNA microarrays. Details of the B. pseudomallei DNA microarray used in the paper have been previously published (26) and are at www.omniarray.com /Bpm_Different_Strains/Supplemental. Briefly, the DNA microarray contains Ͼ8,000 probes printed in duplicate. These probes represent all 5,742 predicted genes in the B. pseudomallei K96243 genome (14) and also include Ͼ2,000 intergenic regions. Probes of 300 to 1,000 bp in length were PCR amplified and spotted in duplicate onto coated glass slides (Full Moon Biosystems Inc., Sunnyvale, CA).
B. pseudomallei RNA extraction and microarray hybridization. Total RNA was isolated from bacterial pellets by using Trizol (Invitrogen Corporation, Carlsbad, California) and further purified using the Megaclear kit (Ambion, Inc., Austin, Texas). Samples were enriched for mRNA by using the MICROBExpress kit (Ambion, Inc., Austin, Texas) and hybridized to B. pseudomallei whole-genome microarrays using an indirect labeling strategy as previously described (27) . Briefly, 1.5 g of mRNA for each growth curve time point was reverse transcribed using random hexamer primers (Roche Diagnostics GmbH, Mannheim, Germany), Superscript II (Invitrogen, Carlsbad, CA), and a deoxynucleoside triphosphate mixture containing aminoallyl-dUTP (Sigma-Aldrich Co., St. Louis, MO). As a reference sample, we used mRNA isolated from a stationary-phase 18-h B. pseudomallei culture that was also labeled with aminoallyl-dUTP (SigmaAldrich Co., St. Louis, MO). The growth curve and reference samples were then labeled with Cy3 and Cy5 dye esters, respectively (Amersham Biosciences, UK Ltd., Buckinghamshire, United Kingdom). After removal of excess dyes, the labeled cDNAs were then hybridized onto the glass microarray using a hybridization mixture containing 1.25ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.08% sodium dodecyl sulfate (SDS), and elution buffer (QIAGEN GmbH, Hilden, Germany) for 16 h in a 65°C water bath. After hybridization, the slides were gently agitated in a solution of 2ϫ SSC and 0.3% SDS at 55°C to dislodge the coverslips and dunked in a fresh solution of 2ϫ SSC and 0.3% SDS at 55°C for 5 min. Slides were further dunked twice in 1ϫ SSC at 55°C for 5 min each. Finally, the slides were dunked for 5 min in 0.2ϫ SSC and dunked thrice in distilled water before being allowed to spin dry at 500 rpm for 20 min. The washed arrays were scanned using a Genepix scanner 4000B (Axon Instruments, Foster City, CA).
Data analysis. Raw microarray data was normalized using a LOWESS protocol (8) . We selected 1,066 probes representing 974 distinct genes which both were reliably measured at more than two-thirds of all time points and demonstrated a Ͼ1.5-fold change in a minimum of two consecutive time points. Notably, although one biological replicate was used for each time point, we specifically selected genes exhibiting a Ͼ1.5-fold expression change in at least two consecutive time points; thus, each time point effectively serves as a "replicate" of adjacent points. For these selected genes, the missing values of their expression profiles were estimated using SVDImpute (45) . We applied principal-component analysis on the mean-centered expression profiles of the selected genes to identify predominant gene expression patterns. The 10 most significant components, containing more than 95% of the variance, were used to reconstruct the gene expression data set, and k-means clustering (11) was then used to group the genes into 11 distinct groups, of which the top 9 were deemed the most biologically relevant. The results were visualized using Treeview software.
Functional annotations of growth-regulated genes (GRGs). The hypergeometric distribution was used to assess the significance of functional enrichments within each cluster based on genome-wide COG (clusters of orthologous groups) annotations. The COG database is accessible at http://www.ncbi.nlm.nih.gov/COG/new/.
Semiquantitative RT-PCR. cDNAs was generated from mRNA (1 g/reaction) extracted from B. pseudomallei samples at the relevant time points by using random hexamer primers and a Becton Dickinson Clontech Advantage RT-for-PCR kit (Becton Dickinson, Franklin Lakes, New Jersey) according to the manufacturer's protocol. Semiquantitative PCR was performed on a MJ Research DNA engine Dyad Peltier thermocycler (Bio-Rad Laboratories, Hercules, California) in a 100-l reaction volume, using 5 units of Platinum Taq DNA polymerase (Invitrogen, Carlsbad, California) in the presence of 200uM deoxynucleoside triphosphates, 2 mM MgCl 2 , 10% (vol/vol) dimethyl sulfoxide, and 200 nM of each primer. The primers used are listed in the supplementary data at http://www.gis.a-star.edu.sg/internet/site/investigators.php?f ϭ cv&user_id ϭ 37. In each reverse transcription-PCR (RT-PCR) experiment, amplification of 16S rRNA was used as a positive and normalization control. For operon validation, we designed primers to the following adjacent gene pairs, where the forward primer was targeted to the first gene and the reverse primer to the second: BPSL1216/BPSL1217, BPSS0182/BPSS0183, BPSS1954/BPSS1955, and BPSL1468/ BPSL1469.
Identification of B. pseudomallei serC mutants. To isolate serC mutants, we screened a previously described (2) (2, 14) . After challenge with viable B. pseudomallei, the infected animals were handled under biosafety level III containment conditions within a half-suit isolator, compliant with British standard BS5726. To establish the relative virulence of the serC mutant, we challenged six groups of five BALB/c mice with increasing doses of the serC mutant (10 3 to 10 8 CFU), monitored the infected mice for up to 5 weeks, and calculated the serC MLD by the method of Reed and Muench (32) . For vaccination studies, we first infected animals with 10 5 CFU of the serC mutant, waited 5 weeks, and then challenged the animals with 1 ϫ 10 4 CFU of either wild-type B. pseudomallei strain (K96243 or 576) and monitored the animals for survival as described above.
Chromosomal and operon analysis. The significance of biases in growthregulated genes between the B. pseudomallei chromosomes was assessed using Fisher's exact test. Chromosomal clustering of growth-regulated genes was assessed using a moving window of Ϯ3 genes and computing within each window the mean Pearson's correlation of gene expression by averaging all pairwise Pearson's correlations within the window. This distribution was compared against 10 randomly permuted data sets where the genomic order of the array probes was randomly scrambled. To compute enrichments of same-strand gene pairs, we performed bootstrapping assays where the number of observed samestrand gene pairs in the predicted operons was compared against random samples (with replacement) of 258 gene pairs in Chr 1 and 181 in Chr 2, across 10,000 repetitions. P values were calculated and plotted on a graph for both chromosomes (see supplementary information at http://www.gis.a-star.edu.sg/internet /site/investigators.php?f ϭ cv&user_id ϭ 37). To identify differences in intergenic length, the intergenic lengths associated with same-strand gene pairs in the predicted operons were compared against intergenic lengths in the entire genome by using a standard two-tailed t test.
Microarray data accession number. The complete microarray data set is available under GEO accession number GSE5495.
RESULTS
Expression profiling of the B. pseudomallei growth transcriptome. We compared multiple 24-h growth curves of B. pseudomallei and found that B. pseudomallei growth in rich medium was highly consistent, predictable, and reproducible (see supplementary information at http://www.gis.a-star.edu.sg /internet/site/investigators.php?f ϭ cv&user_id ϭ 37). Using a pooling approach (see Materials and Methods), we assembled a composite growth curve from multiple B. pseudomallei cultures sampled at 30-min intervals over 24 h (see Materials and Methods) (Fig. 1A) . For each time point, bacterial mRNA was isolated and hybridized onto B. pseudomallei DNA microarrays containing Ͼ8,000 probes, including all 5,742 predicted genes in the B. pseudomallei genome and approximately 2000 intergenic regions. When an unsupervised hierarchical clustering algorithm was used to group the sample expression profiles with one another on the basis of their overall similarity, the samples separated into three distinct groups corresponding to early, log, and stationary phases, indicative of the biological distinctiveness of the three growth phases (see supplementary information). Using a combination of principal-component analysis and k-means clustering, we identified the nine most predominant patterns of gene expression and depicted these patterns as a red-green heat map (Fig. 1B) . We observed that most, if not all, of the expression clusters were strongly associated with specific growth phases and transition points (i.e., early to log or log to stationary), which allowed us to define an operational set of "early" (E1 and E2), "log" (L1 to L4), and "stationary" (S1 to S3) clusters. To validate the microarray data by an alternative experimental method, we used semiquantitative PCR to investigate the expression patterns of 13 representative genes whose expression was broadly distributed throughout the time course but which otherwise were randomly selected. We found that there was excellent concordance between the PCR and microarray results (Fig. 1C) . To reflect their association with the known growth phases, we henceforth refer to the genes in these clusters as GRGs.
Three points concerning the GRGs are worth noting. First, the expression clusters, ranging in size from 50 to 200 genes, are each expressed with highly distinct kinetic and temporal patterns. For example, some clusters were short lived with a rapid rise and fall of expression levels (e.g., cluster L1 at the transition from early to log phase), while other clusters were slower to rise and had prolonged expression plateaus (e.g., cluster S2, arising at mid-log phase and persisting throughout stationary phase). The temporal heterogeneity of these profiles suggests the existence of a tightly coordinated transcriptional process associated with B. pseudomallei growth. Second, the availability of a finely sampled time course allowed us to discern some clusters as being qualitatively distinct from others, which may have been missed if a coarser sampling approach had been used. For example, although clusters E1 and E2 are both expressed during early phase, the former is rapidly shut off at the transition from early to log phase, while the latter persists through the start of log phase. Similarly, the two logphase clusters L2 and L3 share a common peak of expression at mid-log phase, but L2 displays a more prolonged and broader temporal profile than L3. Third, under the specific parameters used in our analysis, we identified 974 GRGs, suggesting that at least 17% of the B. pseudomallei genome is transcriptionally regulated during growth in rich medium. Taken collectively, these results demonstrate that the B. pseudomallei growth transcriptome is widespread and associated with a high level of coordination and regulation. We also note here that the two-color microarray format used in this study is suitable only for measuring relative expression changes. Thus, we are unable to comment either on the fraction of genes exhibiting constitutive but unaltered expression throughout the time course or on the fraction of genes that were not expressed under these in vitro conditions. Biological coherence of expression clusters. Previous genome-wide growth studies of other microorganisms have suggested that genes with similar or related cellular functions are often coexpressed (4, 18) . We asked if a similar phenomenon might also be observed in the B. pseudomallei growth transcriptome and if there were significant functional differences between the distinct expression clusters. As described below, we found that genes in the distinct expression clusters were indeed associated with highly related cellular functions. To perform this analysis, we first mapped the B. pseudomallei GRGs to their respective COG entities. The COG database is a public bioinformatic database (http://www.ncbi.nlm.nih.gov/COG) that groups protein sequences on the basis of phylogenetic similar- (i) Cluster E1 (early phase, 1 h to 3.5 h). Cluster E1, a large cluster of 185 genes, exhibits a sharply defined pattern of high expression at early phase with a rapid shutoff upon entry into log phase. Many of the GRGs in this cluster are involved in processes essential for general biosynthesis, with a significant COG overrepresentation of genes involved in energy production and conversion (COG enrichment P value ϭ 6.38 ϫ 10 Ϫ5 ), protein translation (P ϭ 4.79 ϫ 10 Ϫ24 ), and nucleotide transport and metabolism (P ϭ 0.0089). Some examples include genes for energy production (NADP dehydrogenase I chain A and E; ATP synthases I, F,G, and H; and cytochrome oxidase subunits 1 and 2), DNA and nucleic acid (dnaA, guaA, and genes for thymidylate synthase, ribonucleoside reductase, and DNA polymerase III b chain), cofactors (bioB, hemE, ribB, cobO, and pdxJ), amino acids (argC, glyA, hisB, hisJ, hisP, ilvC, ilvE, and ilvL), and protein synthesis components (several 30S and 50S ribosomal proteins). The rapid expression of genes in this cluster may be triggered by the sudden availability of rich nutrients in the external medium, coupled with the introduction of the bacteria into a new environment of low population density.
(ii) Cluster E2 (early phase, 1 h to 6 h). Cluster E2, with 133 genes, has an expression pattern similar to that of E1 but is distinct from the latter in that E2 has a more prolonged shutoff period that continues into the initial period of log phase. Like E1, E2 also possesses a number of genes related to core biosynthetic pathways (see supplementary data 1 at http://www.gis .a-star.edu.sg/internet/site/investigators.php?f ϭ cv&user_id ϭ 37), but it is particularly prominent in genes related to fatty acid synthesis and lipid metabolism (htrB, fabD, fabH, and plsC). Another major distinctive feature of E2 not found in E1 is a significant enrichment of bacterial motility genes (P ϭ 9.87 ϫ 10 Ϫ4 ), including genes for flagellar synthesis (fliC, fliD, and fliM), and chemotaxis (cheY, cheR, motA, and motB). We speculate that the expression of these early-phase motility genes may allow individual bacteria to maximize the use of available nutrients by migrating and spreading to separate nutrient-rich pockets before entering into a period of rapid cellular division, although further experimental work will be required to establish this. Notably, mutations in fliC have been shown to cause virulence attenuation in B. pseudomallei (7) .
(iii) Cluster L1 (log phase, 3.5 h to 9 h). Cluster L1, with 110 genes, has an extremely sharp expression pattern coinciding with the transition period from early to log phase (3.5 h to 9 h). Genes in this cluster are associated with a broad set of processes, including amino acid catabolism (arcB, arcC, and astE), protein folding (htpG, groEL, and groES2), and secondary metabolic pathways (numerous nonribosomal peptide synthase/ polyketide synthase genes) (P ϭ 0.0057). One notable set of genes expressed during this period are those for components of the quorum-sensing (QS) machinery, including N-acyl homoserine lactone synthase and its cognate transcriptional activator protein (41, 46) . QS is a process utilized by numerous bacterial species to relate bacterial population density to internal gene expression programs. The activation of QS genes in this cluster is consistent with the bacterial population being about to enter a period of exponential growth and division. Notably, QS has also recently been implicated in B. pseudomallei virulence (41, 46) .
(iv) Cluster L2 (log phase, 4 to 14 h). Cluster L2, with 89 genes, is expressed only during log phase, with a rapid shutoff upon entry into stationary phase. Thus, this cluster is expressed at a period where the bacterial population is exponentially dividing. Possibly reflecting the large metabolic demands associated with exponential cell division, several genes in this cluster are involved in the biosynthesis, transport, and catabolism of secondary metabolites (P ϭ 2.15 ϫ 10 Ϫ4 ) associated with carbon and energy metabolism (fabH, aldH, and succinyl coenzyme A:3-ketoacid-coenzyme A transferase subunit A and B genes), and they also include a number of stress-related protein genes (katG and ahpD). There are also a substantial number of genes involved in posttranslational processes, including genes for serine proteases (BPSL0808 and BPSS0962), collagenases (BPSS0827), and oligopeptidases (BPSS1175).
(v) Cluster S3 (stationary phase, 14 h to 24 h). Cluster S3, with 112 genes, is expressed at the onset of stationary phase and continues its high expression until the cessation of the growth curve. During this period, microbial cells switch from a period of rapid growth and expansion to a maintenance state in attempts to preserve the integrity of the bacterium amid a crowded and nutrient-poor environment and to seek out new nutrient sources. Besides a significant enrichment of amino acid transport and metabolism genes (P ϭ 0.0057), we observed the expression of genes for several stress-related proteins (sodB, sspA, and katE), transport processes (emrB, livG, and braG), and a large set of transcriptional regulators and sensor proteins (vsrD, hrpX, rpoD, and sdiA).
Collectively, it can be seen that each of the expression clusters appears to be biologically coherent and related to distinct cellular functions. This may allow B. pseudomallei to optimally exploit its environment, from rapid growth to cellular maintenance.
Regulation of virulence genes in GRGs and identification of serC as a potential virulence factor. We next investigated if the expression of previously defined virulence genes in B. pseudomallei might be associated with any particular growth phase or transition point. Although the in vitro conditions used to generate the growth data are almost certainly different from those encountered by B. pseudomallei during the course of in vivo infection, we nevertheless observed a wide distribution of virulence GRG expression across all phases of the growth transcriptome. For example, in early phase we observed regulation of genes related to type II O-antigenic polysaccharide synthesis (rmlB), capsule production (wzm and wbcC), type III secretion (prgK), and flagella (fliC), while in log phase we observed regulation of type III secretion genes (bopD and 8182 RODRIGUES ET AL. J. BACTERIOL.
ipaD) and polysaccharide production genes (rmlD and wcbE).
Many of these genes and their associated processes have been previously experimentally verified to be required for full expression of virulence in B. pseudomallei (7, 9, 31, 42) . Given our findings in the previous section that many coexpressed genes appear to share similar functions, we then hypothesized that the microarray data could be used to identify new earlyphase genes contributing to B. pseudomallei virulence. Specifically, we examined the E2 early-phase cluster and selected the gene serC by virtue of its coexpression with several known virulence genes, including fliC, gmhD, and iagB ( Fig. 2A) . serC encodes a phosphoserine aminotransferase involved in serine and pyrioxidal 5Ј phosphate biosynthesis. Our focus on serC was influenced by two key factors: its early-phase coexpression with other virulence genes and previous work by us and others showing that auxotrophic mutations in certain amino acid biosynthetic pathways are known to attenuate virulence in several pathogens (2, 38). However, not all amino acid auxotrophic mutants are attenuated (22) , and to our knowledge a specific requirement for serC activity in virulence has not been previously reported for B. pseudomallei (see Discussion). To test the potential role of serC in B. pseudomallei virulence, we first performed semiquantitative PCR to validate serC as a specific early-phase gene. Confirming the microarray data, we found that the serC mRNA transcript level was high in early phase and declined to undetectable levels upon entry into log phase (Fig. 2B) . Second, we proceeded to isolate a B. pseudomallei mutant deficient in serC activity. We reasoned that a serC disruption in B. pseudomallei should cause serine auxotrophy, similar to the case for serC mutations in other bacterial species (37) . By screening a preexisting library of B.
pseudomallei transposon mutants for their ability to grow on rich agar and inability to grow on minimal medium, we isolated one strain with a transposon insertion disrupting the serC gene (see Materials and Methods). Third, we characterized the growth kinetics of the serC-disrupted mutant. When cultured in rich medium, there was no significant difference between the growth rates of wild-type B. pseudomallei and serC mutants, indicating that a serC disruption does not cause a general growth defect (Fig. 2C, left panel) . When cultured in minimal medium, serC mutants exhibited slower growth than wild-type B. pseudomallei during early phase, consistent with the gene expression of serC at this time Interestingly, the growth rates of serC-disrupted and wild-type B. pseudomallei strains were similar during log phase (compare the rates of increase curves during log phase in Fig. 2C, right panel) , with the serC mutant ultimately reaching a lower final optical density at stationary phase (Fig. 2C, right panel) . Fourth, to confirm that the growth defects of the mutant are specific to serC and not potential polar effects of the transposon on downstream genes, we performed biochemical complementation experiments by growing the mutant in minimal medium supplemented with serine. As can be seen from Fig. 2C , the addition of exogenous serine to the medium sufficed to restore the growth rate of the mutant to wild-type levels, indicating that the mutant growth defect is likely specific to a serC disruption. Taken collectively, these results indicate that disruptions in serC do indeed cause an early-phase growth defect in B. pseudomallei. However, it is worth noting that the serC mutant is still viable and capable of growth even in the total absence of all amino acids, indicating that serC is unlikely to be a completely essential gene.
To test the virulence of serC B. pseudomallei mutants, we Vaccination with serC mutants offers cross-protection against multiple strains of wild-type B. pseudomallei. We then investigated whether prior vaccination of mice with serC-disrupted mutants might impart protection against subsequent challenges by wild-type B. pseudomallei. We introduced intraperitoneally a sublethal dose of the serC mutant into BALB/c mice. After 5 weeks, the mice were challenged with 100 times the MLD of either wild-type B. pseudomallei strain 576 (100 CFU) or K96243 (262 CFU). As can be seen in Fig. 2D , 80% of serC-vaccinated mice infected with strain 576 survived compared to the control vaccination, which was associated with 100% lethality. Similarly, higher levels of survival were observed in serC-vaccinated mice challenged with K96243 than in control vaccinated mice. To further investigate the pathology of survival, we characterized the morphologies and bacterial contents of spleens from vaccinated and unvaccinated K96243-infected mice. Spleens from the serC-vaccinated groups were found to be uninfected, and interestingly, spleens from the control group were all visibly enlarged and contained multiple abscesses, indicating the presence of a chronic infection (M. S.-Tyson, unpublished data). These results suggest that prior exposure of mice to serC mutants can indeed confer protection against subsequent challenges by wild-type B. pseudomallei.
Chromosomal biases and global mapping of potential operons. Finally, as a complementary approach to the gene-by-gene analysis, we also investigated whether the B. pseudomallei growth transcriptome might possess larger-scale genomic patterns not obviously discernible by focusing on single genes alone. Previous bioinformatic analysis has shown that B. pseudomallei chromosome 1 contains an overrepresentation of housekeeping and core metabolic genes compared to chromosome 2, suggesting that Chr 1 may represent the ancestral Burkholderia chromosome (14) . We investigated whether similar chromosomal biases could be observed in the B. pseudomallei growth transcriptome as well. Surprisingly, we found that GRGs regulated in early phase were significantly biased towards Chr 1 (P Ͻ 0.001 by Fisher's exact test), while GRGs in stationary phase were biased towards Chr 2 (P ϭ 0.019) (Fig.  3A) . This finding is consistent with idea that the two chromosomes in B. pseudomallei are functionally partitioned: the GRGs on Chr 1 are expressed in early phase and are involved primarily in core biosynthetic and conserved metabolic functions, while the apparent "switch" in GRGs towards Chr 2 in stationary phase may suggest that the stationary-phase GRGs on this chromosome are likely to be preferentially involved in the execution of accessory functions required for survival and adaptation to species-specific environmental niches.
It is known that many genes in prokaryotes are transcribed as operons, where a common promoter controls multiple adjacent genes. With the exception of well-studied organisms such as Escherichia coli and Bacillus subtilis, surprisingly few data regarding operons are available for most bacterial species, including B. pseudomallei. Previous work has shown that gene coexpression data can be effectively used as a basis for operon identification (35) . To investigate whether the B. pseudomallei growth transcriptome could be used to generate a genomic map of putative B. pseudomallei operons, we first asked if there was a significant level of chromosomal clustering in the GRGs, which would be consistent with a high level of operon activity. By sliding a moving window across the entire B. pseudomallei genome, we computed the average correlation for every within-window array probe pair across the 24-h time series, where a high coefficient indicates the presence of chromosomally clustered coexpression (Fig. 3B) . To determine the number of windows that might be assigned to the same operon by random chance (false discovery rate [FDR]), we compared the results of this analysis to a set of randomly permuted data where the genomic coordinates of the genes were scrambled (Fig. 3B shows typical randomized examples for Chr 1 and Chr 2). At every correlation coefficient cutoff, the numbers of clustered windows in the actual genome exceeded the randomized data.
For example, at a window size of 5 and correlation coefficient cutoff of 0.5, there were 216 coexpression windows out of 3,133 total windows in the actual data for Chr 1, compared to 6 in the randomized data, thereby yielding an empirical FDR of 3.1% (see supplementary information at http://www.gis.a-star.edu.sg /internet/site/investigators.php?f ϭ cv&user_id ϭ 37). This result indicates that there is a significant level of chromosomal clustering of growth-regulated genes in the B. pseudomallei transcriptome, suggesting the existence of many potential operons that are activated during the process of B. pseudomallei growth. Given this result, we then proceeded to define a "gold standard" set of predicted B. pseudomallei operons for further analysis and validation (see below). Specifically, at a window size of 7 and correlation cutoff of 0.5, we defined a highly specific set of 462 chromosomally clustered GRGs, representing 96 potential operons in the B. pseudomallei genome. The FDR for this operon set is 0.43%, indicating that of the 96 operons, less than 1 is expected by random chance. We then proceeded to computationally and experimentally validate the predicted B. pseudomallei operons by using a variety of methods previously used in other studies (5, 24, 44) . First, we asked if genes inside a predicted operon had a preference to lie on the same strand, which would be consistent with an operon structure. Specifically, we compared the number of adjacent same-strand gene pairs in the list of 96 potential operons to the genome average (see supplementary information at http://www.gis.a-star.edu.sg/internet/site/investigators.php?f ϭ cv&user_id ϭ 37). In total, 90% (213/237 comparisons) and 80% (144/181 comparisons) of all possible adjacent gene pairs in the operon list were same-strand gene pairs for Chr 1 and Chr 2, respectively, which were significantly higher than the values for Chr 1 (P Ͻ 0.0001) and Chr 2 (P ϭ 0.088 [here the significance is marginal]). Thus, genes within many of the predicted operons exhibit a strong tendency to lie on the same strand, consistent with their being true operons. Second, we asked if genes within the predicted operons were associated with significantly shorter intergenic lengths than the genome average (30) , another hallmark of operons (24) . Once again, we found that the average intergenic lengths of gene pairs in the predicted operon list were 142 bp and 228 bp for Chr 1 and Chr 2, respectively, significantly shorter than the genome averages of 225 bp for Chr 1 (P ϭ 2.262eϪ09) and 279 bp for Chr 2 (P ϭ 0.01438). Third, we asked if genes in the predicted operons tended to share similar functions, another common feature of operons. Indeed, we found that genes in the operons often shared similar cellular functions. For example, Chr 1 contains a large set of contiguous ribosomal protein genes (BPSL3193 to BPSL3225) and genes related to phenylacetic acid degradation (BPSL3230 to BPSL3234) and ATP synthesis (BPSL3395-BPSL3401), while Chr 2 contains operons relating to benzoate degradation (BPSS0042 to BPSS0048), nitrogen metabolism (BPSS1157 to BPSS1160), and type III secretion (BPSS1529 to BPSS1534). Fourth, to confirm that genes in a predicted operon were expressed as a common transcript, we selected four predicted operons (BPSL1215 to BPSL1217, BPSL1467 to BPSL1469, BPSS0181 to BPSS0183, and BPSS1954 to BPSS1956) for experimental validation. For each operon, we chose two genes and designed PCR primers where the forward primer was targeted to the first gene and the reverse primer was targeted to the second gene. When applied in an RT-PCR experiment, the presence of a discrete band at the expected size indicates that the selected genes, as well as their corresponding intergenic regions, are likely to be expressed as part of the same mRNA transcript. For all four regions, the RT-PCR experiment confirmed their expression as part of a common transcriptional unit, supporting their predicted status as operons (see supplementary information at http://www.gis.a-star.edu.sg/internet/site/investigators.php?f ϭ cv&user_id ϭ 37). Thus, based on multiple criteria that are largely independent of gene coexpression, the genes in the operon list are likely to represent true operons. The list of putative operons defined in this study represents the first database of operons in B. pseudomallei, and a complete list is provided in the supplementary information.
In addition to operons, we also note that some of the chromosomally clustered GRGs were suggestive of a more complex regulation. For example, BPSL1867 to BPSL1870 is a fourgene coexpression cluster where the first two member genes reside on the positive strand (positive) but the last two members reside on the negative strand, suggesting that their coexpression may arise from either the activation of two separate promoters (another example can be found in BPSL2456 to BPSL2457) or transcriptional readthrough. Further work will be required to unravel the mechanistic cause of such complex coexpression events.
DISCUSSION
In this report, we have described for the first time a genomewide survey of growth-regulated gene expression in B. pseudomallei, the causative agent of melioidosis. Our results indicate that a sizeable proportion of the B. pseudomallei genome (at least 17%) is regulated during growth, which is manifested primarily as discrete waves of functionally coherent gene expression that are tightly associated with distinct growth phases and transition points. One notable aspect of our study was the use of a fine-scale sampling approach, which allowed us to identify closely related gene expression clusters as being distinct from one another (e.g., clusters E1/E2 and L2/L3). With the availability of this B. pseudomallei transcriptome map, a subsequent challenge will be to identify the specific cis-and trans-acting factors that are responsible for temporally control- (17, 41) . Nevertheless, the data provided by our study represent an essential first step for subsequent in-depth transcriptional analysis, including gene expression network reconstruction or regulatory motif identification. The information in this report should thus prove valuable not only to the melioidosis research community but also to other microbial researchers, particularly since homologs of the B. pseudomallei GRGs can be found in many other bacterial species.
On an individual gene level, GRGs in an expression cluster tended to share similar cellular functions, with basic core processes such as amino acid synthesis and energy production occurring in early phase and secondary metabolic and accessory functions being activated during the stationary-phase period. Notably, previous genome-wide growth studies with other microorganisms have suggested the presence of a "just-intime" manufacturing strategy, which may represent a general mechanism employed by microbial species to optimize and allocate cellular resources only when needed (4, 18) . Although further experimental testing is required to address whether the "just-in-time" strategy is generally applicable to B. pseudomallei, there are certain hints that this phenomenon may also be present in the B. pseudomallei growth transcriptome. For example, we observed activation of several quorum-sensing machineries just prior to the population initiating exponential growth (cluster L1), which would coincide with a period of rapid expansion where population numbers need to be tightly monitored. Furthermore, our discovery in this study that serC mutants have an early-phase growth defect, which coincides with the time of expression of this gene, may also support the presence of a just-in-time approach. Interestingly, although the bacteria in this study were cultured in rich medium where nutrients are abundant, we nevertheless observed up-regulation of several core biosynthetic genes during early phase. Such GRGs may represent a "hard-wired" transcriptional circuitry that is activated regardless of external nutrient status during early phase. Alternatively, these genes may be responding to other environmental cues, such as fluctuations in population density. An important avenue of future research will be to define the extent to which the GRGs are directly dependent on external environmental cues or whether they are initiated as part of a "hard-wired" transcriptional cascade. Furthermore, although we have focused on up-regulated genes in this study, it is quite possible that the down-regulation of certain genes at specific time points may also be important for microbial physiology and pathogenicity. For example, down-regulation of the two type III secretion components BPSS1526 and BPSS1542 during log and stationary phases may be important for proper assembly and functioning of the B. pseudomallei type III secretion apparatus. This is another area that deserves further study.
A major finding in our study was the identification of serC as a potential virulence gene in B. pseudomallei. We chose the serC gene based on several criteria. First, we specifically focused on early-phase genes, as previous reports investigating microbial growth and virulence have concentrated on later time points such as stationary phase and the transition from log to stationary phase (20, 39, 48) . Second, we selected the E2 early-phase expression cluster, since it contained several coexpressed genes previously demonstrated to be important for B. pseudomallei virulence. Third, given our previous studies relating auxotrophic mutants to virulence, we considered E2 cluster genes likely to produce auxotrophic phenotypes when disrupted. Fourth, among these candidates we chose serC due its novelty (see below) and not other genes in amino acid pathways shown previously to regulate virulence, including branched-chain amino acid (BPSL1201 [leuA], 2-isopropylmalate synthase), arginine (BPSL1742 [arcD]), and cysteine (BPSL2507 [cysM], cysteine synthase) biosynthesis (33, 36) . Although a search of the PubMed/Medline literature does identify a few prior studies suggesting an apparent relationship between serine auxotrophy and virulence, these connections are largely indirect and not well established. For example, Van Der Walt and Greeff (47) described using a serC mutant of Salmonella enterica serovar Typhimurium as a vaccine strain; however, the attenuation of virulence in this strain was attributed to curing of the S. enterica serovar Typhimurium virulence plasmid rather than the specific loss of serC activity. Similarly, Hoiseth and Stocker (13) reported that aroA serC strains of S. enterica serovar Typhimurium are serine auxotrophs and show attenuated virulence, but it is not clear if the virulence attenuation was due to loss of serC or aroA activity. To our knowledge, our study represents the first time that a requirement for serC has been shown for virulence in any member of the Burkholderia family. Although the mechanistic basis of virulence attenuation in the serC mutant currently remains unclear, we believe that there are at least two possibilities, which we refer to as the "nutritional" and "regulatory" models. The nutritional model posits that serC acts primarily as a housekeeping gene generally required for B. pseudomallei growth and that the observed virulence attenuation in serC mutants is the simple result of the serC mutants failing to grow in the mice or being rapidly cleared by the immune system. In this model, serC would still be technically classified as a virulence gene, but in reality its identification would provide little information regarding the specifics of B. pseudomallei pathogenesis. Although we did not directly measure the in vivo growth rates of serC mutants in this study, we believe that the nutritional model is unlikely to completely explain the serC virulence attenuation for the following reasons. First, our in vitro experiments indicate that serC mutants are unlikely to exhibit a general growth defect as expected for a general housekeeping gene. Specifically, the growth curves of wild-type and serC strains in rich medium are essentially identical, and serC mutants are capable of growing even in minimal medium where all amino acids are absent. Second, the growth defect of the serC mutant in minimal medium does not appear to be a generalized effect but is instead largely specific to early phase and can be completely restored by the addition of exogenous serine. Third, chemical analysis of human serum suggests that the levels of exogenous free serine in human serum are unlikely to be limiting for serC mutant growth (19, 29) . For these reasons, we currently favor the regulatory model, which posits that serC may not simply act as a general housekeeping gene but may also be involved in the synthesis of components specifically required for B. pseudomallei virulence. As an analogy, mutations in the aromatic acid synthesis pathway are thought to cause virulence attenuation due to decreased levels of enterobactin, which is required for iron scavenging by many pathogens (10) . Clearly, unraveling the mechanism behind the virulence attenuation of the serC mutants is an important area of future study.
We also investigated whether serC mutants, due to their dramatically attenuated virulence, might also function as a potential vaccine to confer protection against challenges by wild-type B. pseudomallei. We have also previously shown that protection can be conferred by vaccinating mice with another auxotroph of B. pseudomallei, which is mutated in the ilvI gene, which encodes the large subunit of the acetolactate synthase enzyme (2) . We found that prior immunization of mice with a sublethal dose of serC mutant B. pseudomallei was able to confer protection against subsequent challenges by different strains of B. pseudomallei. Protection against at least two different strains of B. pseudomallei was provided, although the levels of protection conferred were slightly different. This could be due to different intrinsic potencies of virulence between the B. pseudomallei strains and possibly to variations in their surface lipopolysaccharides (1) . A potentially interesting area of future research will be to determine if such a combined auxotroph may prove clinically useful in the development of an actual B. pseudomallei vaccine, although additional genetic manipulation of these attenuated strains, perhaps through a serC ilvI compound mutation, will undoubtedly be required to confer an irreversibly attenuated virulence phenotype. In addition, it will be critical to study the specific host response to the serC vaccine and to determine if the conferred protection is short-term or long lasting.
In conclusion, we have described in this report a genomewide characterization of the B. pseudomallei growth transcriptome. Our results suggest that B. pseudomallei utilizes an extensive and highly coordinated transcriptional structure to maximize available nutrients and that the processes of virulence and growth are tightly integrated in this species. As the data in this data set are extremely rich, it is likely that further analyses of these data, using more sophisticated algorithms and targeted hypotheses, will be fruitful avenues for more insights into pathogen discovery and behavior. As bacterial growth processes are conserved across many different species, it is possible that many of the findings in our study may find broad applicability to other important pathogens.
